1. For seabirds that forage at sea but breed while fasting on land, successful reproduction depends on the effective management of energy stores. Additionally, breeding often means aggregating in dense colonies where social stress may affect energy budgets. 2. Male king penguins (Aptenodytes patagonicus) fast for remarkably long periods (up to 1·5 months) while courting and incubating ashore. Although their fasting capacities have been well investigated in captivity, we still know very little about the energetics of freely breeding birds. 3. We monitored heart rate (HR, a proxy to energy expenditure), body temperature and physical activity of male king penguins during their courtship and first incubation shift in a colony of some 24 000 freely breeding pairs. Males were breeding either under low but increasing colony density (early breeders) or at high and stable density (late breeders). 4. In early breeders, daily mean and resting HR decreased during courtship but increased again 3 days before egg laying and during incubation. In late breeders, HR remained stable throughout this same breeding period. Interestingly, the daily increase in resting HR we observed in early breeders was strongly associated with a marked increase in colony density over time. This finding remained significant even after controlling for climate effects. 5. In both early and late breeders, courtship and incubation were associated with a progressive decrease in physical activity, whereas core body temperature remained unchanged. 6. We discuss the roles of decreased physical activity and thermoregulatory strategies in sustaining the long courtship-incubation fast of male king penguins. We also draw attention to a potential role of conspecific density in affecting the energetics of breeding-fasting seabirds, that is, a potential energy cost to coloniality.
opportunity to examine how EE may be affected by social factors (e.g. conspecific density).
For fasting seabirds, documenting energy costs linked to coloniality is especially relevant as 73 they have no immediate means of compensation, by adjusting their daily energy intake for 74 instance. 75
When breeding, colonial king penguins (Aptenodytes patagonicus) (Fig. 1 ) lay a single 76 egg, build no nest, but defend a small territory on which they settle after pairing. Breeders 77 display high rates of aggressiveness towards neighbours (Côté 2000) and are highly sensitive 78 to their social surroundings (Viblanc et al. 2012 ). Due to the prolonged period required to rear 79 a chick (11-12 months; Weimerskirch et al. 1992 ), reproduction in king penguins is 80 asynchronous and breeding onset ranges from early November to March (Stonehouse 1960 ; 81 Weimerskirch et al. 1992 ). Early breeders start reproducing at low and fluctuating densities, 82 and the number of breeders will progressively increase during the breeding season due to 83 colony replenishment until stabilizing at high density. As a result, late breeders reproduce 84 under steady but high breeding densities. 85
Using colonial king penguins as a study system, the objectives of this study were (1) 86 to determine how EE was modulated during the course of long-term fasting in naturally 87 breeding seabirds and (2) to examine how changes in the social environment, i.e. colony 88 density, might affect EE. For this, we specifically focused on males that fast on average for 89 one month between the start of courtship (~13-18 days from arrival at the colony to egg 90 laying) to the end of their first incubation shift (~17 days from laying to relief by the partner) 91 (Descamps, Gauthier-Clerc et al. 2002) . 92
To assess changes in EE during courtship and incubation, we monitored heart rate 93 (HR) as a proxy to EE (Butler et al. 2004 ; Green 2011). We also monitored changes in 94 physical activity (ACTI) or body temperature (T b ) over the same period to determine their 95 potential contribution to changes in HR and energy savings. In addition, monitoring HR in 96 early and late breeders that were of identical breeding status but differed in the colonial 97 environment they experienced was expected to provide some information on a potential 98 energy cost of breeding at high density. Finally, to examine adjustments in HR related to 99 fasting but independent of the breeding process and changes in colonial density, we 100 continuously monitored HR and body mass in long-term fasting males that were caught at the 101 onset of breeding but kept captive out of the colony (thus non-breeding) under natural weather 102 conditions. 103 
104

Material and Methods
105
Freely breeding birds 112
Male king penguins were caught soon after arriving ashore for breeding, identified using a 113 non-permanent animal dye (Porcimark®, Kruuse, Germany) and flipper bands (semi-rigid 114 P.V.C. Darvic bands; 25.8 mm wide, 1.9 mm thick, 7.4 g), and fitted with data-loggers (see 115 below). Sex was determined based on courtship behaviour and later confirmed according to 116 sex-specific breeding cycle chronology (males are the first to incubate the egg, Stonehouse 117 1960). After marking and logger attachment, birds were checked from a distance at least twice 118 a day and breeding phenology (courtship duration, settlement on territory, egg-laying, and 119 incubation) was established from field observations at ± 1 day. 120
Based on the date of courtship onset, we distinguished two groups of courting-121 incubating males: (1) early-breeding birds (courtship onset range = 11 Nov -2 Dec 2008, N =14); and (2) late-breeding birds (27 Jan -8 Feb 2009, N = 10). Early birds thus bred in a 123 colony of initially low but rapidly increasing social density, whereas late-breeders 124 experienced high but stable density conditions (Fig. 2) . Early breeders were monitored for an 125 average duration of 27.6 ± 0.9 days (range = 21 -33 days): 12.5 ± 1.3 days (range = 2 -21 126 days) before egg laying (courtship) and 15.1 ± 0.9 days (range = 7 -19 days) afterwards 127 (incubation). Late breeders were monitored for an average duration of 16.5 ± 1.6 days (range 128 = 9 -25 days): 4.9 ± 0.8 days (range = 1 -9 days) before egg laying and 11.6 ± 0.9 days 129 (range = 8 -16 days) afterwards (Fig. 2) . Whereas early breeders could be easily and rapidly 130
(1-2 days) identified when coming ashore to breed, this was more complicated in late breeders 131 because of colony crowding. Thus, in our study late breeders were likely marked and fitted 132 with loggers after having been in the colony for several days, explaining why the monitoring 133 duration of the pre-laying period was shorter in those birds. Data collection for early breeders 134 ended when birds were relieved by their partner. For late breeders however, due to time 135 constraints with fieldwork, we retrieved loggers a few days before expected relief by the 136 partner to avoid losing data-loggers at sea. This constraint, and the fact that late-breeders 137 
Captive birds 143
To disentangle the effects of fasting (and acclimatation to captivity) from breeding activity 144 and/or changes in bird density on HR, we also investigated changes in HR and body mass in 8 145 early males caught in the colony shortly (1-3 days) after courtship onset (early December). 146
These birds were kept in wooden pens (3 m x 3 m), close to the colony and under naturalweather conditions, at a density of 3 birds per pen (0.33 bird.m -2 ). This density was similar to 148 the lowest density observed in freely breeding birds (see Fig. 2 ). In one of the three pens, only 149 two birds had a HR logger. Penned birds fasted for a total duration (25 days), which is within 150 the range of fasting duration of free-living incubating birds (see above). 151
The body mass of captive birds was measured (±10g) using a plateform scale. Body 152 mass was obtained daily during the first 4 days of captivity. Subsequently, to avoid 153 unecessary disturbance, body mass was measured when re-setting HR loggers (at days 6, 9, 154 13, 17, 21, 25). The time duration between consecutive body mass measurements was 155 recorded, and daily body mass loss (dm/dt in g.day -1 ) between mass measurements (e.g. from 156 day 1 to day 2 or day 6 to day 9) was calculated. 157
158
HEART RATE, ACTIVITY AND BODY TEMPERATURE MONITORING
159
Free-living birds were fitted with data-loggers measuring HR, core body (stomach) 160 temperature and overall physical activity. Captive birds were only fitted with HR-loggers. 161
162
Heart rate 163
Heart rate was monitored using external cardio-frequency meters (Polar® model RS800, 164 Polar Electro Oy, Kempele, Finland) as previously described in Groscolas et al. (2010) , 165 including details on logger-attachment, technology and accuracy of HR measurement. The 166 logger transmitter was attached to the dorsal feathers of the animals using adhesive tape 167 (Tesa®) and the receptor was secured to a flipper-band. Loggers did not appear to interfere 168 with the usual routine of the birds, as individuals soon resumed normal activity (courting, 169 preening, stretching, sleeping, and fighting) after handling, could not be distinguished in 170 behaviour the subsequent day, and successfully paired and engaged in breeding. HR wassampled continuously at 5 second interval. Because of the limitation of logger memory, birds 172 were caught for a few minutes every four days for logger reset, directly on the bird. 173
Although HR has been used as a proxy to metabolic rates in field studies (Butler et Birds greater than 4 years in age whose movements in and out of the sub-colony matched the 230 cycle of reproductive king penguins were considered as breeders , and 231 used to calculate the 'colony density index'. In addition, an index of breeding density in the 232 study area (hereafter 'breeding density index') was estimated starting on 1 Nov 2008. Every 233 second week, the distance between breeding birds (incubating birds or territorial pairs) was 234 estimated visually at ± 10cm, in 10 different locations regularly spread over the study area. 235
For each location, we randomly estimated 20 distances between breeding birds (amounting to 236 200 distances in total) which we averaged. As a general rule, each breeder was surrounded by 237 six neighbours. Thus, the smallest unit that could be identified comprised seven birds. (Fig. 2) . Both 'colony' and 'breeding' density indices were low at the 283 start of breeding (30 tagged birds and 0.3 breeders/m 2 on the surveyed area at the time of first 284 courtships). Then, both indices markedly increased to reach a maximum level by mid-to late-285 January (see Fig. 2 ). This maximum density was approximately 12 ('colony density index') to 286 15 ('breeding density index') times higher than at the start of breeding. Specifically, the 287 'colony density index' increased by a factor 5 during early breeder monitoring, but was stable 288 during the period of late breeder monitoring. from late November to late December (F 1,28 = 6.84, P = 0.01). Ambient temperature was 296 slightly higher for late than for early breeders (8.9 ± 0.3 °C vs. 7.6 ± 0.3 °C; t-test; t = -3.05, 297 df = 58.0, P = 0.003). For late breeders, it showed a slight increase from late January to late 298 February (F 1,28 = 4.22, P = 0.049). 299
CHANGES IN HEART RATE IN FREELY BREEDING BIRDS 301
Changes in heart rate 302
In early breeders, dHR decreased rapidly (-5.3 ± 1.3 bpm/day) during the first 6 days of 303 courtship, then progressively (-1.7 ± 0.7 bpm/day) until ~3 days before egg-laying (Table 1,  304 Fig . 3A ). Starting on average on November 28 and 3 days before the onset of incubation, dHR 305 started to increase by 0.6 ± 0.2 bpm/day. Eventually, dHR stabilized at 56.5 ± 1.4 bpm from 306 day 11 (on average on December 12) of incubation onwards. Changes in rHR (Fig. 3A)  307 paralleled those of dHR, with the same breakpoints. Resting HR reached a minimum value of 308 35.5 ± 1.6 bpm three days before egg-laying. It subsequently increased by 33%, stabilizing at 309 47.1 ± 1.3 bpm within the final days of the incubation shift. Because the difference between 310 dHR and rHR (i.e. HR due to changes in physical activity) remained constant during the 311 period of HR increase (slope parameter not significantly different from zero; GEE; Wald = 312 0.25, P = 0.62, n = 177, N = 14 birds), this suggested that the increase in dHR was essentially 313 driven by an increase in rHR. 314
In late breeders, dHR was stable throughout the recording period (GEE; Wald = 0.3, P 315 = 0.60, n = 137, N = 10 birds) and averaged 58.8 ± 0.8 bpm (Fig. 3B) . Resting HR followed 316 the exact same trend (Fig. 3B) , remaining stable at the average level of 48.4 ± 0.6 bpm (Wald 317 = 0.3, P = 0.60). These average dHR and rHR values were not significantly different from 318 those observed at the end of incubation in early breeders when dHR and rHR were stabilized 319 (Wald = 0.48 and 0.18, P = 0.49 and 0.67, for dHR and rHR, respectively). 320
Relationships to colony density 322
In early breeders, when dHR and rHR were at their minimum values (44.0 ± 1.9 bpm and 35.5 323 ± 1.6 bpm, respectively) the 'breeding density index' was close to 1 breeder/m 2 and the 324 'colony density index' indicated that ~20% of tagged birds were present in the colony. Thus, 325 dHR and rHR started to increase when colony density reached ~30% of its maximum level 326 (25% to 35% depending on whether the 'breeding density index' or the 'colony density index' 327 was considered). When dHR and rHR stopped increasing, colony density was ~43% 328 ('breeding density index') to 65% ('colony density index') of its maximum. We investigated 329 whether the observed increase in HR in early breeders could be linked to an increase in 330 colony density. For each day onwards from day -3 (Fig. 3A) , we calculated average rHR and 331 'colony density index'. We found that rHR was highly and significantly related to the 'colony 332 density index' (R² = 0.88, F 1, 18 = 136, P < 0.001, n = 20 days; Fig. 4) . Further, we accounted 333 for potential climate effects causing rHR to increase independently of colony density over this 334 period. Because T a highly correlated with wind speed (r = 0.77, P < 0.001) and relative 335 humidity (r = 0.65, P = 0.002), we used the first axis of a principal component analyses (PC1 336 = 0.64 T a + 0.57 wind + 0.51 humidity; this component explained 73.5% of the variance) to 337 investigate the effects of climate variables on rHR. During the period of HR increase, we 338 found that rHR was indeed positively associated with PC1 (R² = 0.35, F 1, 18 = 9.58, P = 0.006, 339 n = 20 days) and thus potentially affected by climate. Interestingly however, using the 340 residuals of this regression as a dependent variable to remove climate effects on rHR, we 341 found that colony density remained highly significant and explained a substantial part of the 342 residual variation in rHR (R² = 0.46, F 1, 18 = 15.3, P = 0.001, n = 20 days). In contrast, rHR 343
was not correlated with colony density (F 1, 16 = 0.5, P = 0.50, n = 18 days; Fig. 4 
347
Changes in heart rate 348
In non-breeding males kept captive at low density, both dHR and rHR continuously decreased 349 over the 25 days of the fast (Fig. 5 ). Decreases were rapid over the first 5 days of fasting, on 350 average by -6.4 ± 1.5 (dHR) and -5.9 ± 1.1 (rHR) bpm/day, and then stabilized at a slower 351 rate of -1.0 ± 0.3 (dHR) and -0.7 ± 0.2 (rHR) bpm/day for the remaining of the fast. 352 Although, the difference between dHR and rHR slighlty reduced over the 25 days of fasting (-353 0.26 ± 0.09 bpm/day; GEE; Wald = 8.12, P = 0.004, n = 25, N = 8 birds) (Fig. 5) , there was 354 only a marginal decrease in dHR-rHR detectable before the 5 day breakpoint (-0.23 ± 0.13 355 bpm/day; P = 0.06) and no substantial change afterwards (-0.45 ± 0.50 bpm/day; P = 0.37). 356
357
Changes in body mass 358
Over the 25 monitoring days, captive birds lost as much as 26% of their initial body mass, i.e. 359 from 13.8 ± 0.1 kg to 10.2 ± 0.1 kg (Fig. 6A) . Body mass initially decreased rapidly (-370 ± 360 23 g/day) until a breakpoint of 3.5 days whereupon it was lost at a slower rate (-129 ± 23 361 g/day) (GEEs; all P < 0.001). This is well illustrated by the initially high, but rapidly 362 decreasing dm/dt values observed during the first days of the fast (Fig. 6B) . Both dHR and 363 rHR significantly decreased with decreasing body mass (Fig. 6C ) and decreasing daily body 364 mass loss ( Fig 6D) (GEEs; all P < 0.001). 365
BODY ACTIVITY AND BODY TEMPERATURE IN FREE-BREEDING BIRDS 367
Body activity 368
Daily body activity decreased progressively over the course of courtship and incubation both 369 in early and late breeders. In early breeders, breakpoint analysis revealed a rapid (slope = -0.5 370 ± 0.09; Table 2 ) initial decrease in body activity over the period of strong HR decline (fromdays -16 to days -10 prior to egg-laying). Afterwards, body activity decreased at a slow 372 constant rate (Table 2 ; slope = -0.1 ± 0.05), until the end of the monitoring period (Fig. 7A.) . 373
Breakpoint analysis did not reveal any change in slope for late breeders (Table 2, Fig. 7A) . 374
Body temperature 376
No significant change in stomach temperature occurred either in early or late breeders (GEEs; 377 Wald = 1.8 and 0.9, n = 224 and 144, N = 9 and 9 birds, P = 0.20 and 0.34, for early and late 378 breeders, respectively) (see Fig. 7B ). In addition, we found no significant difference in body 379 temperature between early and late breeding birds. Average body temperature was 38.1 ± 0. view that during long-term fasting the rate of EE is decreased by reducing basal metabolic 393 rate (Cherel et al. 1988c ) and the energy expended for physical activity. Although marginal (P 394 = 0.06), we observed a decrease in HR due to physical activity (dHR-rHR) during the initial 5 395 days of fasting. Subsequently, dHR-rHR remained constant suggesting that the mainadaptation to long-term fasting was a decrease in rHR (and by extension resting metabolic 397 rate) with increasingly efficient energy sparing as the fast progressed (Cherel et al. 1988c ) 398 (see below for a discussion of potential mechanisms). 399
ENERGETIC ADJUSTMENTS IN FREELY BREEDING PENGUINS
401
In freely breeding birds, changes in dHR and rHR during fasting differed markedly from 402 captive individuals, and between early and late breeders. In early breeders, both dHR and rHR 403 initially decreased rapidly at the onset of courtship, increased again shortly before incubation, 404 and stabilized at the end of incubation. In late breeders, dHR and rHR remained stable 405 throughout courtship/incubation at a value similar to early breeders at the end of incubation. 406
In early breeders, the observed decrease in dHR was partly explained by a strong 407 concurrent decrease in physical activity related to breeding activities, as revealed by activity 408 loggers. After selection of a breeding site (Stonehouse 1960 In late breeders, we did not observe similar rapid decreases in dHR/rHR nor physical 432 activity during courtship. A likely explanation is that those birds were caught at a more 433 advanced stage of courtship (5 days prior to egg-laying) preventing us to detect such changes. 434
Indeed, late breeders tended to establish their territory close to the site of capture, and 435 incubated shortly afterwards. For instance, if we consider monitoring days (up to -9 days 436 before egg-laying) excluded from our analyses because of low sample size (< 3 birds), HR 437 values were more than 50% higher than those measured from day -5 onwards. This suggests 438 that, similarly to early breeders and captive birds, an initial decrease in HR was likely during 439 the early stages of fasting. Further, it is interesting to note that body activity decreased slowly 440 during incubation, suggesting that behavioural adjustments in activity may have contributed 441 to energy savings during this period. 
444
The increase in dHR starting shortly before incubation in early (but not late) breeders is 445 intriguing. As physical activity (loggers) decreased over this period and dHR-rHR remainedconstant, the pattern was driven by a significant increase in rHR. Interestingly, we found a 447 strong positive association (R 2 = 0.88) between colony density and rHR in early breeders, that 448 remained significant (R 2 = 0.46) after controlling for climate-induced effects on HR. In 449 contrast, no such relationship was observed for late breeders at stabilized colony density. In 450 early breeders, rHR eventually reached a plateau at a level similar to the rHR of late breeders 451 during incubation, suggesting a maximum threshold to the effects of colony density on rHR. penguins. First insight is provided by considering the relative increase in rHR for early birds, 466 from 35.5 ± 1.6 bpm at low colony density (3 days before egg-laying) to 47.1 ± 1.3 bpm at 467 high colony density (when rHR stabilized). This corresponded to a 33% increase in rHR 468 potentially due in part to an increase in colony density. In fact, this increase was probably 469 underestimated, as the colony was not empty when rHR started increasing, but rather not 470 quite half of maximum density (116/371 birds). Moreover, our results in captive birds suggest 
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Sample size is given as n and number of individual birds is given in brackets (N). 
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Intercept
